at 2.0, 2.5, and 3.0 Mrad) which contained sodium nitrate (1,000 ppm) plus sodium chloride (2.5%). Similar results were obtained when sodium nitrite (200 ppm) was substituted for sodium nitrate, except that there was evidence of spore survival in 1 of 120 cans irradiated at 2.0 Mrad. Spore destruction was based upon the absence of spores and mouse-lethal toxin in meat subcultures made from cans incubated at 35 C for 120 days.
Spores were not destroyed when exposed to 2.5 or 3.0 Mrad in the absence of sodium nitrate, sodium nitrite, or sodium chloride. Furthermore, the use of these chemicals individually, together with radiation, was ineffective. The additives alone in the absence of radiation also did not cause spore destruction. Radiation levels of 2.0, 2.5, and 3.0 Mrad, when used with sodium chloride at 1.5 or 2.0 % and sodium nitrate at 500 ppm or sodium nitrite at 100 ppm, were ineffective.
Clostridium botulinum produces a highly potent toxin and is a heat-resistant, sporeforming organism which survives in many nonacid foods. Furthermore, high levels of gamma radiation are required to inactivate spores of C. botulinum in foods (Morgan and Reed, 1954; Kempe, Graikoski, and Gillies, 1954) . Kempe and Graikoski (1962) in meat (Niven and Chesbro, 1960) . Their effect on C. botulinum was demonstrated by Yesair and Cameron (1942) , who found a 70% reduction in spore counts brought about by the use of 0.1 % sodium nitrate, 0.005% sodium nitrite, or 2 % sodium chloride in a meat infusion agar. Bulman and Ayres (1952) also noted that nitrite inhibits the germination of spores of a putrefactive anaerobe (P.A.3679) in inoculated meat emulsions. These chemical additives have been more recently suggested for canned meat and other foods (Jensen, 1954; Silliker, Greenberg, and Schach, 1958) .
The present study was undertaken to determine the effect of common chemical additives on the dose of gamma radiation required to destroy C. botulinum spores which have been inoculated into canned ground round steak. In addition, spores of type 33-A were used, since recent studies by Annelis and Koch (1962) showed that it is one of the most radiation-resistant forms. Additives were mixed singly and in combination in concentrations presently allowed by the Food and Drug Administration in comminuted meat (U. S. Department of Agriculture, 1960) .
MATERIALS AND METHODS
Preparation of spores. The stock strain of C. botulinum type 33-A was obtained from the Quartermaster Food and Container Institute for the Armed Forces, Chicago, Ill. Stock spore suspensions were prepared as follows. The inoculum was heat-shocked for 10 min at 80 C, and a 0.5 % inoculum was introduced into freshly steamed Trypticasethioglycolate broth [Trypticase (BBL), 5.0%; peptone (Difco), 1.5 %; glucose, 0.01 %; sodium thioglycolate, 0.01 %]. The inoculated flasks were incubated for 6 days at 35 C in an anaerobic atmosphere (97 % nitrogen and 3 % carbon dioxide). After centrifugation, the spores were washed six times in sterile phosphate buffer (pH 7, 0.15 M), resuspended in buffer, and stored at 4 C.
For each experiment, the refrigerated stock spore suspension was heat-shocked and inoculated into 2,500 ml of fresh Trypticase-thioglycolate medium. After the 6-day growth period, the spores were centrifuged, washed four times, and resuspended in 200 ml of buffer. This latter suspension was used in making the viable spore count by the most probable number technique, and was also the inoculum used in inoculating the meat prior to canning and irradiation. In all experiments, the inoculum consisted SENSITIZATION OF C. BOTULINUM SPORES TO RADIATION of 106 spores per gram of meat, and was added just before the meat was canned.
Chemical additives and spore inoculation. The following test compounds were used at the indicated levels in various combinations with and without radiation: sodium nitrite, 100 and 200 ppm; sodium nitrate, 500 and 1,000 ppm; sodium chloride, 1.5, 2.0, and 2.5%.
The above substances were weighed out in flasks; sufficient water was added to make a viscous suspension which was then added to the previously weighed meat sample (1,000 g). After a thorough hand-mixing (15 min per 1,000 g of meat) in a stainless-steel bowl, the meat mixture was held at 4 C for 18 hr to allow the added compounds to diffuse throughout the meat.
The meat was then inoculated with 106 viable, heatshocked spores per gram and thoroughly mixed by hand. Approximately 100 g of the inoculated meat mixture were packed into baby food cans (202 by 204), with 25 or more replicates used per treatment. The cans were sealed with a modified automatic can sealer and were then rinsed in 1,000 ppm of sodium hypochlorite solution, followed by a water rinse. The cans were then packed in wet ice in an insulated ice chest and shipped to the Gamma Test Facilities, Arco, Idaho, for irradiation. The cans were returned by the same method.
The meat used in these experiments was high-quality (85% lean and 15% fat and fiber), freshly ground round steak obtained from a locally operated, governmentinspected meat-packing plant.
Radiation source. All cans in these experiments were irradiated at the Gamma Test Facilities, Arco, Idaho. The radiation levels used were 2.0, 2.5, and 3.0 Mrad, and the dosage was checked by an ion chamber dosimeter. The irradiation chamber was a water-filled column, and the temperature range in the chamber was 21 to 27 C.
Handling of samples and assay for spore survival. Upon return, the irradiated samples were incubated at 35 C until a hard swell developed, and were then opened and examined microscopically to determine whether spore growth had occurred. The presence of toxin was determined by mouse injection. If no hard swell occurred in 120 days, the cans were opened and assayed also.
The assay procedure consisted of first wiping the sides of the can with a cloth dampened with a sodium hypochlorite solution and then placing the cans on a cloth soaked in the same solution. To sterilize the can lid, the depression in the top of the can was filled with 95% alcohol which was subsequently ignited and allowed to burn off. Immediately, a sterile half of a petri dish was inverted over the top of the can to avoid contamination from the air. The cover of the can was then removed with an alcohol-flamed can opener.
With the use of sterile forceps, a 15-g sample was removed from various parts of each can. These samples were of steamed Trypticase-thioglycolate broth, and incubated anaerobically for 4 days at 35 C. The incubated subcultures were centrifuged at 800 X g for 20 min. The supernatant fluid was decanted off and divided into two portions. One portion was transferred to a sterile culture tube (15 by 150 mm), and served as the active preparation; the remaining portion was transferred into another culture tube and boiled for 15 min to inactivate any toxin present, centrifuged, and used as a control. Both sets of culture tubes were covered with rubber-hooded stoppers and taped shut.
The liquid samples were then injected intraperitoneally into white mice (15 to 20 g each), with a dose of 0.20 ml per mouse. Two mice received the unboiled inoculum and one received the boiled inoculum. Toxicity of the preparation was characterized by the typical symptoms of botulinum toxin poisoning followed by death. Lethal effects were observed for a period of 3 days. Toxic symptoms were absent in the boiled control. Wagenaar and Dack (1960) and Bonventre and Kempe (1960) indicated that the amount of radiation needed to inactivate C. botulinum toxin is considerably more than that needed for sterilization. Hence, if the toxin is present, it could be introduced with the original inoculum and could remain after radiation processing. Thus, to ascertain the presence of viable spores in the toxin-containing samples, heat-shocked subcultures were made from the 15-g meat samples. These subcultures were then examined microscopically for presence of spores and toxin-producing ability.
RESULTS AND DISCUSSION
Preliminary experiments revealed that the use of Co'O gamma irradiation in combination with sodium chloride (1.5 or 2.0%) plus sodium nitrite (100 ppm) or sodium nitrate (500 ppm) was not effective in causing the destruction of C. botulinum spores which had been inoculated into canned ground round steak. Hence, the chemical additives in these experiments were used at higher concentrations, but still within the maximal tolerable levels as specified by the Food and Drug Administration (U.S. Department of Agriculture, 1960 (Table 1) . Under these conditions, transferred to sterile screw-cap tubes, covered with 7 ml KRABBENHOFT ET AL. day incubation period, and 5 of 124 samples contained sufficient toxin to cause lethal effects when injected into mice. Hence, on the basis of these results and at the levels tested, sodium nitrite at 200 ppm does not appear to be t Cans were held at 35 C until hard swells developed. All cans which showed hard swells were examined microscopically for spore development and for lethal concentrations of toxin.
t Cans not having hard swells within 120 days were subcultured and tested for toxin by mouse assay and examined microscopically for outgrowth of spores. as effective as sodium nitrite at 1,000 ppm when used with gamma irradiation to inactivate C. botulinum spores.
The data also reveal that the use of either the combined additives or irradiation alone (2.0, 2.5, and 3.0 Mrad) was not effective in inactivating the spores or in preventing the development of hard swells. Microscopic examination of the irradiated samples (no additives) with hard swells revealed rods morphologically similar to C. botulinum, which indicated the presence of C. botulinum in these samples.
On the basis of the results indicated in Table 2 , it appears that the use of the various additives individually, but in combination with gamma radiation, is not as effective as a combination of additives. When 2.0 Mrad of irradiation were used in combination with these additives, it was once again observed that sodium nitrate at 1,000 ppm is more effective than sodium nitrite at 200 ppm, and sodium chloride alone is less effective than either sodium nitrite or sodium nitrate.
It would appear that toxin may be present in cans exhibiting no swelling or visible deterioration. This is in agreement with Kempe and Graikoski (1962) , who suggested that C. botulinum spores may be inactivated by irradiation but still be capable of germination and growth through one or two vegetative cycles. This would explain the presence of demonstrable toxin in meat showing no gross spoilage. However, it has been our experience that where toxin was present there were also viable spores in cans showing no signs of spoilage. Hence, it appears that the presence of lethal concentrations of toxin was associated with spore germination and subsequent cell growth rather than with toxin introduced with the original inoculum.
The observation that combinations of either sodium nitrate or sodium nitrite with sodium chloride lower the dose of gamma radiation necessary to destroy C. botulinum offers the possibility of the use of these additives in radiation-preserved foods. Additional studies directed toward the practicability of using these additives in food sterilization and pasteurization programs are suggested. 
